ABSTRACT For pulse train (PT) controlled switching converter, when it operates in continuous conduction mode (CCM) and discontinuous conduction mode (DCM), there exist disadvantages of low frequency oscillation and narrow load range, respectively. To avoid these disadvantages of PT controlled switching converter in CCM and DCM, a PT controlled boost converter operating in pseudo continuous conduction mode (PCCM) is taken as the research object in this paper, its working principle has been analyzed in detail. Based on the analysis of output voltage ripple during one switching cycle, the combination of high-and lowpower control pulses in a repetition cycle is analyzed and the expression of output voltage ripple is derived for different load conditions. Finally, simulation and experiment are performed to verify the correctness of the control pulse combinations and the output voltage ripple analysis. Results show that compared with DCM and CCM boost converters, the PT controlled PCCM boost converter not only has wider load range, but also can suppress low frequency oscillation.
I. INTRODUCTION
With the development of portable power electronic equipment, switching power converter has been widely applied, accompanied by higher requirements of its control system. When a switching converter is controlled by conventional linear control technology with pulse width modulation (PWM), such as voltage mode control or current mode control [1] , [2] , whose transient response and robustness could hardly meet expectations. Therefore, in order to improve the performance of switching converters, an increasing number of researchers draw their attention to nonlinear control technology [3] - [6] .
Pulse train (PT) control is a new nonlinear control technology proposed in recent years, it regulates output voltage by adjusting the combination of two preset control pulses [6] - [8] . Compared with constant-on-time control [9] , [10] , constant-off-time control [11] and hysteresis control [12] , PT control enjoys the superiority in respect of simple circuit implementation, good robustness and constantfrequency operation. Compared with conventional linear PWM control, the PT control has the advantages of simple circuit implementation, free complex compensation network in the control loop, and fast transient response [13] .
PT control has been widely applied in switching converters operating in discontinuous conduction mode (DCM) [14] - [18] . In DCM, the variation of energy stored in an inductor in a switching cycle is zero, which means the inductor energy absorbed from the converter is totally delivered to load and output capacitor. Therefore, output voltage rises as high-power control pulse is applied and drops as low-power control pulse is applied. However, PT controlled DCM converter suffers narrow load range due to the low average inductor current. PT control has also been extended to switching converter operating in continuous conduction mode (CCM) to extend the load range. In CCM, the variation of inductor energy in a switching cycle is no longer zero. When high-power control pulse is applied, the inductor current increases, while increment of output voltage can not be guaranteed timely. On the contrary, when low-power control pulse is applied, the inductor current decreases while decrement of output voltage can not be assured just in time. In other words, variation of output voltage always lags behind the variation of inductor current, which would result in low frequency oscillation [19] - [25] .
Among the ways of eliminating low frequency oscillation, increasing the equivalent series resistance (ESR) of output filter capacitor is the easiest one [21] , but large ESR will result in large output voltage ripple and more power loss, which can not be ignored. In [22] , the inductor current ripple injection feedback (ICRIF) circuit is applied, which reflects the inductor current information into the feedback voltage to make output voltage variation in phase with the inductor current variation, thus the low frequency oscillation is effectively suppressed. However, system complexity is increased with the introduction of ICRIF circuit. In [23] , a single-input dualoutput buck converter based on the coupled inductor is proposed. By properly allocating the coupling coefficient and the equivalent power supply voltage of secondary side, the lowfrequency oscillation of converter can be suppressed. In [24] , by limiting the peak capacitor current, the low frequency oscillation of PT controlled buck converter can be effectively avoided, but the power range is conditionally restricted. Valley current mode PT (VCM-PT) control technique proposed in [25] ensures the energy variation of inductor in a switching cycle to be zero, which could eliminate the low frequency oscillation fundamentally.
Apart from DCM and CCM, the converter can also operate in pseudo continuous conduction mode (PCCM). Compared with VCM-PT controlled converter in [25] , PT controlled PCCM converter can also suppress low frequency oscillation due to the preset inductor current, and it has the advantage of easier implementation in filter design and experiment.
The major contribution of this paper is, applying PT control to PCCM boost converter to solve the shortcomings of narrow output range and low frequency oscillation in DCM and CCM respectively, deriving the expression of output voltage ripple and the combination of control pulses, which provide a theoretical basis for the selection of circuit parameters in practical application. This paper is organized as follows. The control strategy and operation principle of PT controlled PCCM boost converter are illustrated in detail in Section II. In Section III, based on the variation of output voltage in a switching cycle, the combination of control pulses is analyzed, and the expression of output voltage ripple in a repetition cycle is derived under different load conditions. Simulation and experiment are provided to verify the feasibility of the control strategy and correctness of the theoretical analysis in Section IV and V respectively. Finally, Section VI concludes this paper.
II. PT CONTROLLED PCCM BOOST CONVERTER
As is mentioned above, low frequency oscillation can be eliminated by increasing the ESR of capacitor, but large output voltage ripple and more power loss exist. Because the key point of this paper is the control method, so ESR is is selected as the control signal of S 1 , which will decrease the energy input, and output voltage is reduced. Control pulses P H and P L have the same switching frequency f s (=1/T ). When the circuit is in a stable operation, a repetition cycle consists of µ H high-power control pulse P H and µ L low-power control pulse P L , that is (µ H + µ L )T . Once the circuit state changes, the combination of P H and P L is adjusted to regulated output voltage. Unlike DCM boost converter, PT controlled PCCM boost converter has an inductor current freewheeling loop, when inductor current drops to the preset value I dc , switch S 2 is turned on, and the inductor current keeps I dc be constant in the freewheeling phase. Compared with DCM, PCCM increases the average input current, which increases the energy input of the circuit, and load range is thus expanded.
Driving waveforms of switch S 1 and S 2 , inductor current i L and output voltage v o are shown in Fig. 1(b) , in which a repetition cycle consists of 2 high-power control pulses and 1 low-power control pulse; in other words, the repetition cycle is (2+1)T . In each switching cycle, there are 3 working states:
State 1: S 1 is turned on, while D 1 is turned off. Inductor L is charged and its current rises linearly from the preset value I dc . v o drops as capacitor C supplies energy to load R. S 2 and D 2 is turned off in this state. The peak inductor current in a switching cycle is i LP .
When boost converter operates in PCCM, the variation of inductor current in a switching cycle should be zero. D o is obtained by means of ''voltage-second'' balance principle.
During freewheeling phase, input current is zero. Only in state 1 and state 2 do circuit absorb energy from input V in . From Fig. 1(b) , the average input current in a switching cycle is obtained.
Therefore, the input power of PT controlled PCCM boost converter under high-and low-power control pulses are obtained respectively.
From (4) and (5), we can see that input power is related to input voltage V in , output voltage V o , inductor L, duty ratio D, switching cycle T and preset value I dc . If output power is between P H and P L , input power can be regulated by adjusting the combination of high-and low-power control pulses in a repetition cycle, and then output voltage can be adjusted. If the need of output power is greater than P H , input power can only reach P H , though control pulses are all high-power pulses. On the contrary, if the need of output power is less than P L , input power can only reach P L , though control pulses are all low-power pulses. In other words, when the output power is greater than P H or less than P L , the output voltage of PT controlled PCCM boost converter can't be regulated.
The PT controlled DCM boost converter can be considered as a special case of PCCM when the preset I dc = 0. According to the method above, input power of PT controlled DCM boost converter can be derived under high and low power pulses respectively.
Comparing (4), (5) with (6), (7), it can be concluded that boost converter operating in PCCM has a wider load range than that in DCM under the same other circuit parameters due to the existence of preset value I dc of inductor current.
III. PULSE COMBINATION AND OUTPUT VOLTAGE RIPPLE A. ANALYSIS OF PULSE COMBINATION
According to the analysis above, capacitor current i C = −i o in state 1; i C = i L − i o in state 2; i C = −i o in state 3. Therefore, variation of output voltage in a switching cycle can be obtained as
Considering expressions of i C , (8) can be rewritten as follow
Variations of output voltage under high-and low-power control pulses are obtained respectively as
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In a repetition cycle, variation of output voltage is zero, i.e.
According to (12) , ratio of the numbers of high-and lowpower control pulses in a repetition cycle is obtained as
Sum of the rising time and the falling time of inductor current should be less than switching cycle to ensure the freewheeling time in PCCM, therefore,
Applying (2) to (14), relation between duty ratio D and input voltage V in and output voltage V o is obtained as
In order to carry out theoretical analysis and experimental analysis, circuit parameters of PT controlled PCCM boost converter is set as shown in Table 1 . Applying the values of V in and V o shown in Table 1 Applying the parameters shown in Table 1 to (10), (11) and (13), the relation curves of v CH , v CL and v CH / v CL versus load resistance R can be obtained respectively, as shown in Fig. 2 and Fig. 3 .
As is shown in Fig. 2 , when output power increases (R decreases), v CH decreases and − v CL increases. When load resistance R ≈ 9.7 , output voltage variation under high-power control pulse is equal to that under low-power control pulse in a switching cycle, namely, v CH = − v CL . In this case, the ratio of high-and low-power control pulses in a repetition cycle is µ H /µ L = 1 : 1.
As shown in Fig. 3 , the ratio of high-and low-power control pulses in a repetition cycle increases with the increment of output power. In other words, when output power increases, more high-power control pulses are applied to increase input power, and to keep output voltage stable. 
B. ANALYSIS OF OUTPUT VOLTAGE RIPPLE
In a switching cycle of high-power control pulse, when switch S 1 is turned off, capacitor C is charged by input V in and inductor L together, output voltage will increase, and variation of output voltage v H can be obtained as
Applying (1) and (17) to (16) , v H is rewritten as follow
Assuming that a repetition cycle consists of 2 high-power control pulses and 1 low-power control pulse, waveforms of inductor current i L and output voltage v o in a repetition cycle are shown in Fig. 4 . Based on the geometric relation shown in Fig. 4 , output voltage ripple v is obtained as
Similarly, if a repetition cycle consists of µ H high-power control pulses and µ L low-power control pulses, the output voltage ripple is obtained as
When load resistance R = 7.767 , based on the parameters in Table 1 , µ H /µ L = 2 : 1 can be calculated through (13) . Applying (10) and (18) to (19) , output voltage ripple v is rewritten, and curve of v versus D H is thus shown in Fig. 5 .
As is shown in Fig. 5 
IV. SIMULATION ANALYSIS
In order to verify the correctness of the theoretical analysis mentioned above, the simulation circuit of PT controlled PCCM boost converter is built based on PSIM software, and simulations are carried out based on the parameters listed in Table 1 . Waveforms of inductor current and output voltage (capacitor voltage) when output power is 14.16W (R = 7.064 ) are shown in Fig. 6 .
In Fig. 6 , a repetition cycle consists of 3 high-power control pulses and 1 low-power control pulse, namely, µ H /µ L = 3 : 1, which is accordant with the result calculated through (13) when R = 7.064 . Output voltage changes regularly, and it is stabilized around 10V.
Comparing the values of output voltage ripple measured in Fig. 6 with the theoretical values obtained by applying (10) and (18) to (20) , results are shown in Table 2 .
It's noted from Table 2 that the theoretical values of output voltage ripple in a repetition cycle are accordant with the simulation ones.
Pulse combinations of PT controlled PCCM boost converter for different loads are also simulated. Comparison of control pulse combinations between theoretical value and simulation result is shown in Table 3 .
It can be obtained from Table 3 that output voltage of PT controlled PCCM boost converter can be regulated by adjusting the combination of control pulses when load changes. Ratio of high-power control pulse will increase if output power increases. Similarly, ratio of low-power control pulse will increase if output power decreases. When R = 9.697 and other parameters are shown in Table 1 , load range of PT controlled boost converter in DCM and PCCM is analyzed via simulation. Waveforms of inductor current and output voltage are shown in Fig. 7 .
As is shown in Fig. 7 , a repetition cycle in PCCM consists of 1 high-power control pulse and 1 low-power control pulse, namely, µ H /µ L = 1 : 1, and the average output voltage is 9.98V, which is approximately equal to the reference voltage 10V. While in DCM, even control pulses are all high-power control pulses, the average output voltage is only 9.31V, which is less than the reference voltage.
Simulation results show that the PT controlled PCCM boost converter has wider load range compared with DCM boost converter.
Waveforms of inductor current and output voltage of PT controlled boost converter in CCM and PCCM are shown in Fig. 8 . According to (15) , at least one of the duty ratios of high-power control pulse and low-power control pulse should be greater than 0.5 to ensure that circuit works in CCM. Thus, in CCM mode, duty ratios of high-and low-power control pulses are set as D H = 0.6 and D L = 0.2, respectively.
Waveforms of inductor current and output voltage of PT controlled CCM boost converter are shown in Fig. 8(a) . In the first switching cycle of high-power control pulse, output voltage drops from point A to B, and rises from point B to C in the second switching cycle of high-power control pulse. Meanwhile, in the first switching cycle of low-power control pulse, output voltage rises from point D to E, and drops from point E to F in the second switching cycle of low-power control pulse. It can be learned that low frequency oscillation will occur in PT controlled CCM boost converter because the energy variation of inductor is not always zero in a switching cycle.
Waveforms of inductor current and output voltage of PT controlled PCCM boost converter are shown in Fig. 8(b) . Output voltage rises and drops significantly in a switching cycle of high-power control pulse and low-power control pulse respectively. Low frequency oscillation is effectively suppressed because the energy variation of inductor is zero in a switching cycle. Comparing Fig. 8(a) and Fig. 8(b) , conclusion is obtained that PT controlled PCCM boost converter has the capacity in suppressing low oscillation compared with CCM.
V. EXPERIMENT VERIFICATION
In order to verify the correctness of theoretical analysis and simulation, a PT controlled PCCM boost converter is designed and tested based on the parameters of Table 1 .
Steady-state experimental waveforms of PT controlled PCCM boost converter under different loads are shown in Fig. 9 .
Operating waveforms when output power is 12.8W (R = 7.8 ) are shown in Fig. 9(a) , a repetition cycle consists of 2 high-power control pulses and 1 low-power control pulse, and pulse combination is 2P H -1P L . Operating waveforms when output power is 10.3W (R = 9.7 ) are shown in Fig. 9(b) , a repetition cycle consists of 1 high-power control pulse and 1 low-power control pulse, and pulse combination is 1P H -1P L . Operating waveforms when output power is 7.8W (R = 12.9 ) are shown in Fig. 9(c) , a repetition cycle consists of 1 high-power control pulse and 2 lowpower control pulses, and pulse combination is 1P H -2P L . Due to the ESRs of inductor and capacitor in practical circuit, the experimental and simulation waveforms do not correspond perfectly. Experimental waveform of inductor current is not constant but descending in the freewheeling phase; output voltage waveform is not continuous, but sudden change will occur. However, the pulse combination of experiment results is consistent with the simulation value and theoretical value shown in Table 3 , which validates the correctness of pulse combination analysis.
The waveforms of experimental inductor current and output voltage of PT controlled DCM and PCCM boost converters when output power is 10.3W (R = 9.7 ) are shown in Fig. 10 .
From Fig. 10 , it can be obtained that in DCM, though control pulses are all high-power pulses, output voltage is only 9.2V. While in PCCM, output voltage is stabilized in 10V. Experimental results are consistent with the simulation results shown in Fig. 7 , which verify that the PT controlled PCCM boost converter has wider load range compared with DCM boost converter.
Based on the same circuit parameters as simulation, waveforms of experimental inductor current and output voltage ripple of PT controlled CCM and PCCM boost converters when output power is 12.9W (R = 7.8 ) are shown in Fig. 11 .
From Fig. 11(a) , it can be seen that there is no obvious rise for output voltage when it changes from point A to B in a switching cycle of high-power control pulse, while in the switching cycle of low-power control pulse, output voltage rises from point B to C, that is, low frequency oscillation occurs in CCM. From Fig. 11(b) , it can be seen that output voltage rises from point A1 to B1 in a switching cycle of high-power control pulse, and drops from point B1 to C1 in a switching cycle of low-power control pulse, that is, there is no low frequency oscillation in PCCM. The experimental VOLUME 6, 2018 results are consistent with the simulation results shown in Fig. 8 , which verify that compared with CCM boost, the PT controlled PCCM boost converter has the advantage of suppressing low frequency oscillation.
VI. CONCLUSION
Due to the narrow load range and low frequency oscillation of PT controlled DC-DC switching converters operating in DCM and CCM respectively, a PT controlled PCCM boost converter with wide load range and no low frequency oscillation is studied in this paper. Firstly, the control strategy and operation principle are analyzed in detail. Secondly, based on the variation of output voltage in a switching cycle, output voltage ripple characteristics and combination of control pulses in a repetition cycle are studied. Furthermore, the expression of output voltage ripple is also derived. The analysis not only reveals the relation among pulse combination, output voltage ripple, inductor, capacitor and other circuit parameters, but also provides a theoretical basis for the selection of circuit parameters in practical application. Finally, simulation and experiment results verify the feasibility of the control strategy and correctness of the theoretical analysis. Results show that PT controlled PCCM boost converter can regulate the output voltage by adjusting the combination of high and low-power control pulses in a repetition cycle, and has the advantages of wider load range and suppressing low frequency oscillation compared with DCM and CCM boost converters, respectively.
